The causative mutation for the black-and-tan (a t ) phenotype in dogs was previously shown to be a SINE insertion in the 5′ region of Agouti Signaling Protein (ASIP). Dogs with the black-and-tan phenotype, as well as dogs with the saddle tan phenotype, genotype as a t /_ at this locus. We have identified a 16-bp duplication (g.1875_1890dupCCCCAGGTCAGAGTTT) in an intron of hnRNP associated with lethal yellow (RALY), which segregates with the black-and-tan phenotype in a group of 99 saddle tan and black-and-tan Basset Hounds and Pembroke Welsh Corgis. In these breeds, all dogs with the saddle tan phenotype had RALY genotypes of +/+ or +/dup, whereas dogs with the black-and-tan phenotype were homozygous for the duplication. The presence of an a y /_ fawn or e/e red genotype is epistatic to the +/_ saddle tan genotype. Genotypes from 10 wolves and 1 coyote indicated that the saddle tan (+) allele is the ancestral allele, suggesting that black-and-tan is a modification of saddle tan. An additional 95 dogs from breeds that never have the saddle tan phenotype have all three of the possible RALY genotypes. We suggest that a multi-gene interaction involving ASIP, RALY, MC1R, DEFB103, and a yet-unidentified modifier gene is required for expression of saddle tan.
The Agouti Signaling Protein (ASIP) gene product can act as an antagonist of α-melanocyte stimulating hormone (α-MSH), preventing it from binding to the melanocortin 1 receptor (MC1R), resulting in the production of phaeomelanin instead of eumelanin (Lu et al. 1994) . ASIP polymorphisms have been associated with the recessive black phenotype seen in horses (Rieder et al. 2001) , sheep (Royo et al. 2008) , cats (Eizirik et al. 2003) , rats (Kuramoto et al. 2001) , rabbits (Fontanesi et al. 2010) , dogs (Kerns et al. 2004) , and foxes (Våge et al. 1997) . Eumelanin and phaeomelanin patterning have also been attributed to ASIP polymorphisms in brindle cattle (Girardot et al. 2006) , black-and-tan pigs (Drögemüller et al. 2006) , white/tan sheep (Norris et al. 2008) , black-and-tan dogs (Dreger and Schmutz 2011) , and black-and-tan and white-bellied agouti mice .
Four ASIP alleles have been identified in dogs to date, each producing a different pattern of phaeomelanin and eumelanin over the body of the dog or on the individual hair shafts. The a y allele, caused by two adjacent amino acid substitutions of A82S R83H (Berryere et al. 2005) , is the most dominant allele and produces the fawn phenotype. The wild-type allele, a w , produces a wolf-sable phenotype. The a t allele, caused by a SINE insertion 5′ of the exon 2 start codon (Dreger and Schmutz 2011) , is responsible for the black-and-tan phenotype. The a allele, recessive to the previous three alleles, is caused by a R96C substitution in exon 4 (Kerns et al. 2004 ) and results in a solid eumelanin phenotype. This allele is found primarily in herding breeds (Berryere et al. 2005) .
The saddle tan phenotype is present in a limited number of dog breeds, including terriers, scent hounds, and herding dogs. The pattern involves red-based phaeomelanin pigment on the head, tail, and front and hind limbs, often reaching up to the dorsal surface at the withers and hips. Black-based eumelanin pigment is confined primarily to a saddle-shaped patch on the back. The saddle tan pattern develops as the dog ages from a puppy to a mature adult dog ( Figure 1 ). As a young puppy, the color pattern strongly resembles the traditional black-and-tan phenotype (Figure 1) , with eumelanin pigment over the majority of the body and head of the dog, and phaeomelanin pigment restricted to distinct points on the muzzle, "eyebrows," lower limbs, chest, and beneath the tail. As the dog matures, the tan areas gradually expand, reducing the area expressing eumelanin and producing the characteristic black saddle (Figure 1) . A similar pigmentation phenotype is present in mice with the de H allele of TBX15; however, this color trait does not develop with age and is also accompanied by skeletal malformations (Candille et al. 2004) .
Previous work (Winge 1950; Willis 1989 ) hypothesized that the saddle tan phenotype is caused by a separate allele, known as c sa or a s at the ASIP locus. Recent work by our laboratory (Dreger and Schmutz 2011) indicates that dogs with the saddle tan phenotype have the same SINE insertion that is present in dogs with the black-and-tan phenotype, attributed to the a t allele.
During this research, a genome wide association study (GWAS) was used to map the saddle tan phenotype to a specific chromosomal region. We then used additional variants and subsequent sequencing of a smaller region to isolate a mutation that segregates with the black-and-tan phenotype in two breeds that have both the saddle tan and black-and-tan phenotypes.
Materials and Methods

GWAS
A GWAS was conducted using select dogs from the CanMap dataset, genotyped on the Affymetrix Canine Array v2.0 100K SNP chip (Boyko et al. 2010 ). Many The saddle tan phenotype develops as the dog ages. Nina, a saddle tan Pembroke Welsh Corgi, pictured at various ages. White spotting can obscure the tan markings on the legs, as is seen on Nina at 1 day and 1 week of age. By 8 weeks of age, the eumelanin region has receded far enough for phaeomelanin to be visible above the white markings on the legs. (B) Mocha, a black-and-tan Pembroke Welsh Corgi, did not develop the saddle tan phenotype. White markings, which are common in this breed, obscure much of the phaeomelanin pigment on the front legs and chest. (C) Head pigmentation of classic saddle tan, "capped" saddle tan, and black-and-tan Pembroke Welsh Corgis.
dogs within the CanMap dataset had owner-reported coat color information. Dogs with the black-and-tan and saddle tan patterns were selected and verified with photographs when the reported color was ambiguous. Four breeds were considered fixed for either saddle tan (Bloodhound and Yorkshire Terrier) or black-and-tan (Doberman Pinscher and Rottweiler). A total of 97 dogs with the black-andtan pattern and 33 dogs with the saddle tan pattern were identified. Analysis was conducted using PLINK software (http://pngu.mgh.harvard.edu/~purcell/plink/), and population structure correction using EMMAX (Kang et al. 2010 ), on 33 saddle tan cases and 97 black-and-tan controls and a combined 130 black-and-tan and saddle tan cases and 596 non-pattern controls.
Additional Dogs
DNA was obtained from Basset Hounds and Pembroke Welsh Corgis with either the black-and-tan or saddle tan phenotype using cheek brushes (Epicenter, Madison, WI). The Basset Hound and Pembroke Welsh Corgi breeds were selected because each breed displays both the saddle tan and the black-and-tan phenotypes.
The majority of the Basset Hound samples were collected from the Basset Hound Club of America national specialty show held in Oconomowoc, WI, in 2010. The remaining Basset Hound and all of the Pembroke Welsh Corgi DNA samples were obtained through contact with individual breeders and owners. DNA from our existing bank of dog DNA samples was used for validation in other breeds. The coat color and pattern of all dogs was reported by the owners and verified with photographs. All dogs were owned by private individuals and signed consent was obtained, as is required by the Canadian Animal Care guidelines.
Primer Design, PCR, and Sequencing
Primers were designed to amplify regions of approximately 800 bp throughout the approximately 598-kb candidate region identified by the GWAS analysis. Canine chromosome 24 shotgun sequence from the 2.0 assembly of the Boxer dog genome (Lindblad-Toh et al. 2005 ) was obtained from GenBank and used for designing primers.
Primers for the detection of the long and short isoforms of heterogenous nuclear ribonucleoprotein (hnRNP) associated with lethal yellow (RALY) in mRNA were designed from predicted mRNA sequence (XM_542969) for exons 3, 5, and 9 (Supplementary Table 1 ). Primers to determine the presence of the RALY duplication in ASIP mRNA were designed within the duplication and in exon 2 of ASIP (Supplementary Table 1 ). mRNA was extracted from skin biopsies of 11 dogs, 1 wolf, and 1 fox, dewclaws from 4 dogs, and one each of tail clipping, testis, optic nerve, iris, and retina using previously published protocols .
A size-based PCR test was designed to detect the presence or absence of the duplication discovered in RALY intron 5. These primers in intron 5 were designed from sequence obtained through initial sequencing for haplotype polymorphisms.
PCR reactions totaled 15 µL, consisting of 1.5 µL 10× PCR buffer (Fermentas), 0.3 µL of 10 mM dNTP, 0.9 µL of 25 mM MgCl 2 , 1 µL each of the 10 pmol/µL forward and reverse primers, 0.1 µL of 5 u/µL Taq polymerase (Fermentas), 9.2 µL dH 2 O, and 1 µL of roughly 50 ng/µL DNA template. PCR was conducted in Stratagene Robocycler Gradient40 machines, with 4-minute initial denaturation at 94 °C, followed by 35-37 cycles of 50-second 94 °C denaturation, 50-second annealing at primer-specific temperatures (Supplementary Table 1) , and 50-second 72 °C extension period, followed by a final 4-minute 72 °C extension period. PCR products were separated on 2% agarose gels, extracted using the QIAquick gel extraction kit (Qiagen, Mississauga, ON), and sequenced at the National Research Council of Canada Plant Biotechnology Institute, using an ABI Prism 373 Sequencer (Perkin Elmer Corporation) and the Big Dye Terminator kit (Perkin Elmer Corporation). Sequences were aligned and analyzed with the Sequencher 4.8 software program (Gene Codes Corporation, Ann Arbour, MI).
Genotyping
Dogs were genotyped for the a t allele of ASIP using our previously described protocol (Dreger and Schmutz 2011 ) based on a SINE insertion in the 5′ region of ASIP. Published protocols for genotyping for the a y (Berryere et al. 2005) , a (Kerns et al. 2004 ), E G (Dreger and Schmutz 2011) , E M , and e (Schmutz et al. 2002) alleles were used for dogs suspected of expressing or carrying those alleles, based on breed. Dogs were also genotyped for the newly discovered 16-bp duplication in intron 5 of RALY, described herein, with the use of a size-based PCR reaction, using the methods described above.
Results
Inheritance
The Basset Hound samples collected included a small family of saddle tan and black-and-tan dogs. Based on the individuals in this family, it appeared that the black-and-tan pattern is recessive to saddle tan (Supplementary Figure 1) .
GWAS Analysis
The GWAS analysis using a selection of 97 black-and-tan and 33 saddle tan dogs against 596 dogs of other phenotypes from the CanMap dataset showed a significant peak on chromosome 24 consisting of two SNPs (P raw = 1.13 × 10 -54 , P corrected = 2.21 × 10 -31 and P raw = 2.85 × 10 -52 , P corrected = 8.96 × 10 -31 ) (Figure 2A ). These two SNPs are located within the non-coding region of the ASIP gene, confirming the previously shown association of the black-and-tan and saddle tan phenotypes with a SINE insertion in the 5′ region of this gene (Dreger and Schmutz 2011) .
Analysis of the GWAS data from 33 saddle tan dogs against 97 dogs with the black-and-tan phenotype indicated a significant series of five SNPs on chromosome 24 ( Figure 2B ). These SNPs include nucleotides 25,486,966 (P raw = 3.9 × 10 -21 , P corrected = 2.42 × 10 -7 ); 25,542,375 (P raw = 1.83 × 10 -24 , P corrected = 2.16 × 10 −10 ); 25,600,559 (P raw = 3.04 × 10 -18 , P corrected = 7.89 × 10 -8 ); 25,880,657 (P raw = 8.35 × 10 -22 , P corrected = 3.15 × 10 -9 ); and 26,085,291 (P raw = 1.2 × 10 -11 , P corrected = 2.62 × 10 -7 ) and are located upstream of the ASIP gene.
These two analyses indicate that, although the saddle tan and black-and-tan phenotypes map to the ASIP gene, when analyzing saddle tan against black-and-tan, the saddle tan phenotype maps specifically to a region separate from and upstream of ASIP ( Figure 2C) .
Primers designed to amplify 10 segments of approximately 800 bp each throughout this region, which spans 598 kb and is approximately 870 kb upstream of the ASIP gene, were used in DNA sequencing assays to identify an additional 10 polymorphisms. An initial group of 16 blackand-tan Basset Hounds and 18 dogs with the saddle tan pattern, consisting of 11 Basset Hounds, two each of Pembroke Welsh Corgis, Airedale Terriers, and Beagles, as well as one German Shepherd Dog, was genotyped for the five initial GWAS SNPs and the 10 new polymorphisms. Common haplotype blocks were visualized and compared between the two phenotypic groups (Supplementary Figure 2) . The presence of both homozygous genotypes within a phenotype group for any given SNP indicated recombination between the SNP in question and the putative causative mutation differentiating saddle tan and black-and-tan. Accepting that the black-and-tan pattern is recessive to the saddle tan pattern, all black-and-tan dogs should have a homozygous genotype, and no saddle tan dogs should have that same homozygous genotype (shown in yellow in Supplementary Figure 2) . Comparison of common haplotype blocks between the two phenotype groups negated much of the initial target area, identifying a remaining candidate region, including the RALY gene (Supplementary Figure 2) .
Phenotypic Association
Sequence from 34 dogs led to the identification of a tandem duplication of 16 bp (g.1875_1890dupCCCCAGGTCAGAG TTT) in intron 5 of RALY. This duplication segregated with the black-and-tan phenotype in the initial set of dogs with saddle tan or black-and-tan phenotypes used for haplotype analysis (Supplementary Figure 2) . Additional Basset Hounds and Pembroke Welsh Corgis with the saddle tan (n = 64) and black-and-tan (n = 35) phenotypes, 35 dogs of four breeds fixed for the saddle tan phenotype, and 10 wolves and 1 coyote with the wild-type phenotype were genotyped for this duplication ( Table 1) . Nine of the 10 wolves and the single coyote were homozygous for the allele lacking the duplication, indicating that this is likely the wild-type allele (+). All dogs with the saddle tan phenotype were homozygous (+/+) for the wild-type allele, or heterozygous (+/dup). All Basset Hounds and Pembroke Welsh Corgis with the black-and-tan phenotype were homozygous for the duplication (dup/dup). Dogs from breeds that are fixed for the saddle tan phenotype, namely Airedale Terrier, Australian Terrier, Beagle, and Welsh Terrier, all had the +/+ genotype.
Included in the original population of Pembroke Welsh Corgis and Basset Hounds genotyped for the RALY duplication were 5 Pembroke Welsh Corgis and 10 Basset Hounds exhibiting a variation of the saddle tan pattern whereby both eumelanin and phaeomelanin are present on the head, often forming a widow's peak pattern. This phenotype is referred to as "capped" in the Pembroke Welsh Corgi breed (Figure 1 ). All dogs of these breeds with the capped saddle tan phenotype genotyped as +/dup at RALY, consistent with a genotype present in dogs with the traditional saddle tan phenotype.
Ninety-five dogs of four breeds (Dachshund, Doberman Pinscher, Shetland Sheepdog, and Hovawart) that have the black-and-tan phenotype, but never the saddle tan phenotype, were also genotyped for the RALY duplication (Table 1) . Surprisingly, all three RALY genotypes were identified in these dogs.
In order to elucidate the potential interaction of the RALY duplication with other known coat color genotypes, 61 additional dogs of various breeds and coat colors were genotyped for the RALY duplication and, where reasonable, ASIP, MC1R, and the K locus (Supplementary Table 2 A number of coat color phenotypes associated with specific alleles, such as E G grizzle/domino, a y fawn, and a w wolfsable, express variation in the perceived darkness or amount of eumelanin pigment produced. Eight Salukis with the E G grizzle/domino phenotype, three Shetland Sheepdogs with the a y fawn phenotype, and four Keeshonds with the a w wolf-sable phenotype, each classified as either dark or light, were genotyped for the RALY duplication. No apparent association of RALY genotype and perceived darkness of the grizzle, fawn, or wolf-sable phenotypes were identified (Supplementary Table 2) .
A g.G>A1947 SNP in intron 5 is located 57 bp downstream of the duplication site and the A allele is in complete linkage disequilibrium with the RALY g.1875_1890dupCCCCAGGTCAGAGTTT polymorphism.
In silico sequence analysis for the entire genomic sequence of RALY of the Build 3.1 version of the Boxer, who is a y /a y at ASIP, was analyzed relative to a BAC genomic sequence Table 3) , including 18 dogs, 1 wolf, and 1 fox.
Characterization of RALY
The mRNA sequence obtained for RALY (JQ944805) from a dilute brown-and-tan Doberman Pinscher consisted of nine exons with the start codon in exon 3. Similar to mouse (NM_001139513 and NM_023130) and human (NM_016732 and NM_007367) RALY, dogs were found to have both the long (JQ944805) and the short (JQ944804) RALY isoforms, which differ by the inclusion or absence of exon 5. The long and short isoforms were both obtained from seven different dog tissues (Supplementary Table 3 ). Both isoforms were identified in skin of dogs with a t /a t , a y /a y , and a w /a w ASIP genotypes and skin from a fox. Therefore, no pigment phenotype had exclusively one isoform, and both isoforms are present in a variety of tissue types. Attempts to isolate mRNA product extending from the duplication region in RALY to exon 2 of ASIP from dogs with dup/dup or +/+ RALY genotypes yielded no product.
Discussion
Our initial GWAS identified the region containing ASIP as significant for all black-and-tan and saddle tan phenotypes (Figure 2A) , which supports our previous finding that dogs of both black-and-tan and saddle tan phenotypes have a mutation in this gene (Dreger and Schmutz 2011) . However, when the saddle tan dogs were analyzed against the black-and-tan dogs, a peak emerged that did not precisely overlap the black-and-tan peak, but spanned a region immediately upstream of the blackand-tan peak ( Figure 2C ). This identified a region separate from the coding region of ASIP that distinguishes the saddle tan and black-and-tan phenotypes from each other. The additional SNP analysis (Supplementary Figure 2) identified a smaller candidate region. Although the strongest candidate gene within that region was RALY, the initial region outlined by the five significant GWAS SNPs encompassed a number of potential positional candidate genes, including RALY, Antioxidant Protein 1 (ATOX1), BPI fold containing family B (BPIFB2), Palate Lung and Nasal Epithelium Clone protein (PLUNC), cyclin-dependent kinase 5 (CDK5), alpha-Syntrophin (SNTA), Ribosomal Protein S20 (RPS20), Core-Binding Factor (CBFA2T2), and E2F transcription factor 1 (E2F1). RALY and SNTA were the only two genes associated with pigment phenotypes in mice (http://www. informatics.jax.org/), so they were chosen as the most promising functional candidates to pursue. Further haplotype analysis excluded STNA (Supplementary Figure 2) . Dr Benoit Hedan of the University of Rennes (personal communication) indicated that a preliminary comparison of a small cohort of saddle tan versus black-and-tan dogs on the European SNP chip identified two significant SNPs on chromosome 24 (TIGRP2P314845 at nt 26,168,907 P value = 1.861 × 10 -46 and G1254F1432 at nt 26,290,526 P value = 6.207 × 10 -55 ). These two SNPs, in linkage disequilibrium with each other, flank exons 2 to 9 of the RALY gene and the entire coding sequence of the EIF2B2 gene, but do not encompass the ASIP gene. This provides further support to the suggestion that the chromosomal region involving the RALY gene is important in modifying the saddle tan phenotype to black-and-tan.
The 16-bp duplication in intron 5 of RALY segregated with the black-and-tan phenotype in breeds where both the saddle tan and black-and-tan phenotypes are present, namely Basset Hounds and Pembroke Welsh Corgis. Consistent genotyping for the presence or absence of the duplication allele in 99 dogs of these two breeds has suggested that the RALY intron 5 duplication is sufficient to serve as a predictive tool for determining if a saddle tan Basset Hound or Pembroke Welsh Corgi carries for the black-and-tan phenotype (Table 1) . However, a more complex mechanism for the production of the saddle tan and black-and-tan phenotypes is suggested by the occurrence of all genotypes in black-and-tan dogs of breeds where saddle tan is never present ( Table 1) .
Although previous researchers (Winge 1950; Willis 1989 ) have suggested that the saddle tan phenotype is the result of the a s allele of ASIP, consideration must be equally applied to the possibility that a mutation in a separate gene interacts with the ASIP a t allele to produce a modified phenotype. Mutations involving the RALY gene have been implicated in pigmentation phenotypes in both mice and quail. Large deletions of 170 kb in mice ) and 90 kb in quail (Nadeau et al. 2008 ) that encompass the coding region of RALY and eukaryotic translation initiation factor 2B (EIF2B) have been associated with the lethal yellow phenotype in those species. In both cases, the deletion allows the promoter region of RALY to affect expression of the neighboring ASIP gene, producing a yellow phenotype in the heterozygous state, and lethality when homozygous (Duhl et al. 1994; Michaud et al. 1994; Nadeau et al. 2008) . NCBI MapViewer places EIF2B between RALY and ASIP in the dog assembly, so there is a potential for its involvement in the saddle tan phenotype, though it is also possible that the knockout of EIF2B is responsible only for the homozygous lethal phenotype, and not related to the pigmentation phenotype seen in heterozygous mice or quails.
The canine RALY intron 5 duplication is located approximately 134 kb from the only reported exon 1 of dog ASIP and approximately 138 kb from the dog ASIP start codon. The extra and inverted SINE associated with the black-andtan phenotype (Dreger and Schmutz 2011 ) is located intermediate to these two points. Regulatory elements have been shown to function over distances spanning hundreds of kilobases (Nobrega et al. 2003; Qin et al. 2004 ) and may even be incorporated into introns of other unrelated genes (Lettice et al. 2003) , allowing for the possibility of a regulatory effect of RALY intron 5, including the duplication, on ASIP.
Although there is potential for the RALY intron 5 duplication to be causative for modification of saddle tan to blackand-tan in the presence of an a t /_ ASIP genotype, it is also possible that the duplication is in linkage disequilibrium with the actual causative mutation.
The existence of breeds that frequently have the blackand-tan phenotype, but never the saddle tan phenotype, while expressing any of the three possible RALY genotypes (Table 1) requires that an additional modifier gene is necessary to allow for the impact of the RALY mutation. Accepting that the saddle tan phenotype appears to be fixed in a limited number of breeds, primarily belonging to the scent hound and terrier breed types, and occurs very infrequently in breeds not of these types, a modifier gene that has become fixed for one allele or the other among dog breeds would explain the inheritance patterns observed with the saddle tan and black-andtan phenotypes. The ability of the genotypes of the additional modifying gene to be fixed in most breeds would suggest that the allele associated with the saddle tan phenotype occurred later in breed development, after the segregation of the hunting dog breed types, which include scent hounds and terriers, among others (Parker et al. 2004) .
Genotype analysis suggests that a multiple gene interaction, involving ASIP, MC1R, DEFB103, RALY, and a fifth modifier gene, is required for the expression of the saddle tan phenotype. An ASIP genotype of a y /_ produces the expected fawn phenotype, termed mahogany in Basset Hounds and sable in Pembroke Welsh Corgis, and an a/a ASIP genotype produces the expected recessive black phenotype in German Shepherd Dogs, regardless of the RALY genotype. A genotype of e/e at MC1R or K B at DEFB103 is epistatic to saddle tan. All dogs with the saddle tan phenotype included in this study had at least one E M or E MC1R allele, a DEFB103 genotype of k y /k y , an ASIP genotype of a t /a t , and at least one + allele at RALY (Supplementary Table 2) .
Neither the coyote nor 9 of the 10 wolves had the RALY duplication and the tenth atypical wolf was heterozygous (+/dup) ( Table 1 ), suggesting that the lack of the duplication is the ancestral or wild-type allele (+). It follows then that the saddle tan phenotype is ancestral to the black-and-tan phenotype, despite the relatively limited number of breeds that currently express the saddle tan phenotype, making black-and-tan a modification of the saddle tan phenotype. The popularity of the black-and-tan phenotype across breeds and breed types is likely explained by artificial selection for the striking blackand-tan phenotype over that of saddle tan. Because the saddle tan pattern is found primarily in terriers, scent hounds, and a small number of herding breeds, this finding may also shed light on the development and relation of modern dog breeds, hinting at common ancestors between breed types.
Supplementary Material
Supplementary material can be found at http://www.jhered. oxfordjournals.org/. 
Funding
